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Effects of Bi, Cr, and Fe doping on phase separation gfi@a, :aMnO; have been experimentally studied.
As proved by the electron-spin resonance and neutron-diffraction studies, partial replacement of La by Bi
causes the simultaneous occurrence of ferromag(feltio phase and charge-ordered antiferromagnetic phase.
As a consequence, two subsequent magnetic transitionsla® K and~230 K are resulted. A strong cou-
pling between the coexisted phases is assumed, which is responsible for the insensifiy{ty)ofthe higher
Curie temperature, to Bi doping after the appearance of phase separation, and consistent with the discontinuous
variation of T;(L) with Cr doping. As expected, the substitution of Cr for Mn in this case promotes the FM
order, but its effects are significantly different for the two magnetic states. Each Cr érii@8 neighboring
unit cells, for the high-moment state, areb0 unit cells, for the low-moment state, into the FM state. Two
definite processes can be identified for the melting of the charge-ordered phase. The FM fraction increases
rapidly in the initial stage of Cr doping, and then slowly when the FM population exce®@86. This could
be a common feature of the phase-separated system suffering from random-phase fluctuation according to a
theoretical analysis. Exactly opposite effects on phase constituent are produced by Cr doping and Bi doping,
and 1% Cr are equivalent to 4.6% Bi. In contrast, both Cr doping and magnetic field promote the FM order.
1% Cr correspond to a field 6f4.5 T for the low-moment state and 6 T for the high-moment state, reducing
the energy difference between the charge ordering and the FM state§.8% meV/Mn and~ 1.3 meV/Mn,

respectively.
DOI: 10.1103/PhysRevB.67.144414 PACS nuniger75.50.Dd, 75.47.Gk, 72.80r
. INTRODUCTION them, is one of the most interesting exampfeA. remark-

able behavior of Lgg7 (Nd,Ca 3MnO; is the stepwise

The magnetoresistan¢®R) effect of manganese oxides magnetization. When cooled, the system undergoes an ordi-
has been a focus of scientists in recent years. The rich physiary PM to FM transition first. Further cooling produces mi-
ics and potential application of this effect are the reason fonor effects until a critical temperature, at which a second
that it is world widely interestedIn these kind of materials, jump in magnetization appears. This feature remains for fur-
in addition to the extremely large MR effect, the crystal ther doping though the overall magnetization reduces signifi-
structure, magnetic structure, and electronic structure coupleantly. Rao and co-authdfsexplain this behavior in a sce-
to each other strongly, and can vary in a wide range with theario of the coexistence of La-rich and Nd-rich domains in
concentration of doped holes or lattice distortiénOne of  the compounds. Though the presence of chemical segrega-
the most striking features of the manganites may be théion was not confirmed, subsequent studies revealed the oc-
charge and orbital orderimg,” that is, under proper condi- currence of charge-ordered phadSayhich suffers from an
tions an ordering of the spatial arrangement and the orbitahFM to FM spin rearrangement under magnetic field. Dif-
orientation of thegy electron takes place. Typical charge or- ferent from the half-hole-doped manganites mentioned
dering (CO) occurs in the half-hole-doped manganites suchabove, the emergence of the CO ingka 4Nd,Ca, 33MnO;
as LaCaMnO; (Ref. 8§ and Ng SrhMnOs,° leading is unable to depress the FM ordering completely. On the
to two subsequent magnetic transitions: a paramag(®tit  contrary, the magnetization even shows a tendency to en-
to ferromagnetic (FM) transition followed by a ferro- hancement with cooling, resulting in a two-step magnetic
magnetic to antiferromagnetiAFM) transition. There are behavior. The coexistence of more than one phase of differ-
also compounds such as;PfCaMnO; (x>0.3) (Ref. 10 ent character and their competitive instability are believed to
and La _,CaMnO; (x>0.5),' in which CO develops well be the origin of the extremely large MR effettsand the
above the AFM transition. Considering the partiality of amazing thermal and magnetic history dependent behaviors
double exchangéDE) for charge transferrin&*®which is  observed.” Unfortunately, this kind of phase separation did
believed to be responsible for the magnetic coupling betweenot receive deserved attention until the work by Uehara
Mn ions, a strong competition between the CO and DE iset all® for a similar system Lgg,s 4 PrCa 37MnOs;.
expected. As a consequence, the behavior of the compound The phase constituent of the two magnetic states, its
can be complicated greatly for that any external disturbancevolution, and the coupling between phases may be basically
influencing the instable balance could produce dramatic efimportant for the understanding of the complex behavior
fects. This competition was indeed observed in many comassociated with phase separation. A recent attempt
pounds, and Lgs«Nd,Cay3MnO; (x=0.33), among was the work by Kiryukhin and co-worket$,in which the
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evolution of the CO phase with temperature in ' ' ' —
Lag 2741 3:Ca 379MNO5 was investigated by means of syn- 57.9
chron x-ray diffraction. This work suggested the presence of
charge-disordered PM phase in the high-temperature mag-
netic state. Based on an impedance measurement, however,
Souzaet al?° argued that two phases, both undergo a metal
to insulator transition, existed in aPry ,CaMnO;. In a
similar compound RrCa ;MnO;, a signature of complex
orbital ordering, in addition to the ordinary charge and or-
bital ordering, was further reportéd.

The disagreement between the results of different groups
indicates that, though the intensive studies, we are still far
away from a thorough understanding of the phase-separated
system. Therefore, a comprehensive investigation on, for ex-
ample, how and when the two-step magnetic behavior takes
place, the evolution of the phase constituent, and related ef-
fects is no doubt necessary. Mn-site doping has been proved
powerful to affect the double exchange and CO competition. X=0.2
The presence of Cr ion at Mn site can destroy the CO i
Comp|ete|y772 Wh'le Fe IOﬂS depress the FM Orc?érwhat [ %I FLUEE 00 0100 CIRE 00 RIDREID ananany neamm ni
their effects will be when two competitive phases coexist, . . : r . , .
and how the two magnetic transitions, which are believed to 20 40 60 80 100
be different in nature, vary when the secondary atoms are 20 (Degrees)
introduced into the Mn sites, these are the topics of the ) )
present paper. By replacing La with Bi in §.8Ca sqMnOs, FIG. _1. Room-temperature x-ray-dlffractlon. patterns  of
we first rebuilt the stepwise behavior, then introduced Cr of-2067-xBixCa.sMnO; for selectedk=0.1 and 0.2. Differences be-
Fe into Mn site in an attempt to tune the proportion of coex-Ween the observe(trossesand calculatedsolid line) results are
isted phases and affect the coupling between phases. Eﬁe@r%oyvn in the bottom of the flgur.e.wnh a downward shift for clarity.
thus resulted were studied experimentally. The layout of this ertical bars represent the positions of the Bragg reflections. The

: ) - L - . _Teliability of the Rietveld refinement areR,=11.3%, R,,
paper is as follows: the following section is a simple descrip-_ 17.0%, andS=1.19 forx=0.1 andR,=11.7%, R,,—16.1%,
tlon_ of the experiment procedure. S_ectlon i pr_esents t_hes= 1.21 forx=0.2. Inset, cell volume as a function of the content
main results; crystal strgcture, s'FepW|se magnetic behav!oE,f Bi. Solid line is a guide for the eye.
phase constituent, and its evolution under the Cr/Fe doping
or external magnetic field. A qualitative theoretical analysisRigaku x-ray diffractometer with a rotating anode and Cu
on the experiment results and corresponding discussions akex radiation. Neutron diffraction was conducted on a Me-
given in Sec. IV. The last section is a brief summary. dium Resolution Powder Diffractometer at the Australian
Nuclear Science and Technology OrganizatiahNSTO) for
selected temperatures betwe®K and 300 K. Electron-spin-
resonancéESR spectra in the range 120-290 K were mea-

Polycrystalline samples g, 4Bi,Ca3MnO; (x  sured by a Bruker ER-200D spectrometer operated at a fre-
=0.067, 0.083, 0.1, 0.117, 0.133, 0.15, 0.167, 0.18, 0.193juency of 9.5 GHz. A quantum design magnetometer
and 0.2, Lag 478i910£Ca 3Mn; _,Cr, 03 (y=0.003, 0.0045, (SQUID) was used for the magnetic measurements. All the
0.006, 0.009, and 0.014and La sBij:Ca 3Mn;_,Fe,0,  data presented here were collected in the warming process.
(z=0.01, 0.02, and 0.Q3wvere prepared by the conventional
solid-state reaction method. Well mixed stoichiometric IIl. RESULTS
amount of the LgO3, Bi, O3, CaCQ;, Cr,O; (F&,03), and A. Crystal structure
MnO, powders were calcinated at 1000 °C for 24 hr first. ) i
The resulting products were then ground, pelletized, and sin- Al the samples are of single phase as confirmed by the

tered at 1250 °C for 72 hr with an intermediate grinding for €XCellent agreement of the measured and calculaid
homogenization. etveld refinemert based on the space groBmma) x-ray-

Considering the strong tendency of,BiCaMnO; to diffraction spectra(Fig. 1. The incorporation of smal!er
CO2*Bi, instead of the frequently used Nd or Pr, was choserP causes a monotonic decrease qf the volume of un'lt cgll
to replace La in Lgg/Ca sqMNnO;. Cr doping was carried out while the structure symmetry remains unaffected, which is
for the compound with a high Bi contenk0.193), in &S0 a general feature of the rare-earth-doped
which the CO phase may be the dominant phase. In contradt?0.6<2.3MN0Os. ™
a low Bi-content(0.15 compound was chosen for Fe doping
considering the depression of the FM order by Fe.

Phase purity and crystal structure of the synthesized Magnetization(M) of La, g7_4Bi,Ca 3dMnO5 as a func-
samples were examined by powder x-ray diffraction using aion of temperature was measured. The applied field was so

57.6

57.3

Volume (A¥Mn)

570 1 1 1 1 1
0.00 0.05 0.10 0.15 0.20
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II. EXPERIMENT

B. Stepwise magnetization produced by Bi doping
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FIG. 2 Temperature-dependent ~ magnetization  of %ﬂ(

Lag 67— «BixCa 3MNO3; measured under a field of 0.2 T. Two mag- I 120K
netic states appear for=0.14.

00 01 02 03 04 05 0600 01 02 03 04 05 06

chosen that it saturates the sample but not affects its mag Magnetic field (T)

netic stru_cture. Figure 2 presents the thermal magnetizatio_n FIG. 4. Electron-spin-resonan¢ESR) spectra at different tem-
under a field of 0.2 T. It shows a steady decrease of the Cu”ﬁeratures for  LaurBig1elCsMnO; (left pane) and
temperatureT¢) with x, the content of Bi. An abrupt change | o B, ,«Ca, :Mng e &, 005 (right panel. The frequency of the
in the M(T) relation is observed whexexceeds 0.133: the mjcrowave is 9.5 GHz. Arrows mark the maximum of the derivative
magnetization in the high-temperature region decreases drasm resonance peak.

tically, resulting in a stepwise behavior. As a consequence,

the singleT splits into two values of-120 K.and~230 K. consequence of enhanced lattice distortions due to the intro-
This feature remains for further doping. _ duction of smaller B? A new magnetic process marked
Figure 3 depicts the Curie temperature as a functior, of by the sharp drop off(H) takes place ak=0.14. After
whereT(L) andT.(H) correspond to the low-moment state that the Curie temperatures of the HMS and LMS keep
(LMS) and the high-moment stateiMS), respectively, and  ggsentially constant for further doping. These are proto-
their definition is illustrated in the inset of Fig. 3. The linear typical behaviors observed previously by Rabal* in
decrease of .(H) in the beginning of the doping is simply a Lag g7 xNd,Cay 3qMNO; and Ueharaetal,’® and Kim
etal”’ in Laggrs yPrCa37gMN0O;. Even the values of
280 : - - - the Tc(L) and Tc(H) are very similar for the three
series. However, compared with the above two com-
pounds, the threshold doping for the occurrence of the two-

2404 4 step magnetization in the present system is much
lower (x~0.2 for Lag g7 4NdCa 3dMNO; and ~0.25 for
o Lap e25-xPxCap 378MIN03).

X T(K)
o 20040 80 160 240 320

= e 20 C. Phase constituent of the two magnetic states
I 15 = To examine the phase constituent, the ESR spectra of
160 = 4 Lag 47Big 198 3IMNO; were measured, and the results are
I r- shown in Fig. 4(left pane). Above 250 K, the PM phase is
05 = the only detectable phase, which contributes a single Lorent-
1204 [ 0.0 i zian line atH=0.35T (@=2.0). FM phase sets in at
. . : _ : 9 ~250 K, marked by the appearance of a hump in the low-
0.08 0.12 0.16 0.20 field region, and its population increases with cooling. As a

consequence, the PM signal decreases progressively and, fi-
nally, becomes invisible. To get a quantitative description for

FIG. 3. Critical temperature for magnetic transition as a functionth® coexisted phases, the integrated ESR spectra have been
of doping level.T{(L) and T(H) correspond to the low-moment fitted to the Lorentzian functions with adjustable resonance
state(LMS) and the high-moment sta@MS), respectively. The field, linewidth, and intensity, and the typical results are
dashed line shows the expected results without phase separaticdlown in Fig. 5. Two absorption lines centered at two fields
White circles represent the drop @f(L) after proper Cr doping. LF and HF, respectively, have to be used to reproduce the
The inset demonstrates the definitionTafL) and T,(H). spectra between 160 K and 250 K. LF take$9.15 T be-

Bi content
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FIG. 6. Neutron-diffraction patterns for
\ Lag 47Big 108 3dMNO3 at selected temperature 8 K, 180 K, and
! © 1 250 K (\=1.66 A). Only the main peaks are indexed, and the
00 01 02 03 04 05 06 0o 01 02 03 02 05 06 peaks corresponding to the nuclear reflections are marked, by
H (T) H (T) the AFM reflections byA. Two reflections corresponding to the

charge and orbital ordering are marked @y The inset is a plot

FIG. 5. Integrated electron-spin-resonance spectra at selectedhowing the variation of the integrated intensity of 1¢2,0,1/2

temperatureT=290 K, 220 K, 160 K, and 150 K, respectively. and(1,0,1/2 peaks.

Solid lines are fitting based on the Lorentizan functions. Two reso-

nance lines are required in the ca6e 220 K and 160 K. LF and nuclear reflections are observed above 25@akeled byN).

HF denote the resonance fields of the PM and the FM phase§)/hen the sample is cooled below 180 K, additional peaks

respectively. that can be indexed based on an AFM superlattice appear.
Particularly, the appearance of the characteristic peaks for

tween 160 K and 220 K, whereas HF decreases fromne co and orbital ordering structuttabeled byC) indi-

~0.35 T t0~0.3 T when the temperature changes from 250cates that the sample is CE-type AFM at low temperature.

K to 160 K. Obviously, the two resonance fields Co”eSpO”CtAccording to Yoshizawat al?® and Kiryukhinet al,® the

to the contributions from the FM and the PM phases, respecy, i |/2) peaks, | odd, are associated with the Jahn-Teller

tively (the slight decrease of HF is an effect of the smallgisiortions characteristic of the CE-type charge and orbitally

internal field from the FM region). The percentage of the o qered state This feature remains down to 8 K, the lowest

PM phase is proportional to the area of the resonance peak l%tmperature of this experiment. In Fig. 6 we show three se-

HF. A direct calculation shows that the relative area of thegcteq powder patterns collected at 8 K, 180 K, and 250 K,

PM line decreases from 100% forT=250 Kt0~15% for  regpectively. The inset is a plot showing the variation of the

T=_160 K, and only a singlet with LF=0.2 T is required integrated intensity of the peakd/2,0,1/2 and (1,0,1/2

to fit the spectra al =150 K. against temperature.

Corresponding to the simple magngtic transition in the Combining the results of magnetic, ESR, and neutron-
temperature region from 100 K to 140(Kig. 2), ESR study  gitfraction measurements, it is clear that the PM phase domi-
reveals a much complgx process. Further cooling below 1_49ates above 250 K, PM and FM phases coexist between 250
K produces an evolution of the phases. A new phase witlk and 160 K(the population of the former decrease rapidly
higher resonance field first develops neat40 K, and itis  \ith cooling. Charge-ordered AFM phase appears at
replaced gradually by another phase with an even high reso- 1gg K, and coexists with the FM phase down to the lowest
nance field (-0.22 T) at~120 K. The complex variation of temperature of the present experiment.
resonance field could be a sign of the rearrangement of spin Tpe right panel of Fig. 4 displays the ESR spectra of
orientation and domain structure nebe(H) noting a fact Lag 5.Big 16Ca sMnNo o6 005, As expected, the introduc-
that the resonance field is a combined result of demagnetizgyn of Fe subpressés the FM order greatly, and only the PM
tion field, anisotropic field, and internal field of the FM spectra are detected down to 120 K. The analysis of the peak
phase. Marking the maximum of the ESR signal by arrowsyidin indicates an abnormal change-at60 K (not shown,
the systematic from 160 K to 120 K is obvious. These seenpowever, the main features of the resonance remain PM.
to be the common features of the phase-separated system
for that similar behaviors are also observed in
Lag 50Big.16Ca 3MN0O; (not shown though the PM popu-
lation of the LMS and the HMS, and the magnetization in- If more than one phase exist in the manganites, we can
crease affic(H) are different for both compounds. affect their proportions via replacing Mn with Cr or Fe, and

To get further information on the AFM structure and the estimate their volume fractions based on magnetic measure-
CO transition, neutron diffraction was subsequently per-ments. Figure 7 shows the isothermal magnetization against
formed for the samplex=0.193 A =1.66 A). Only the applied field (H) for Lag478Bi¢ 104 3MN;-,Cr,05. Re-

D. Variation of phase constituent with Cr or Fe doping
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FIG. 8. Volume fraction of the FM phase as a function of the
FIG. 7. Isothermal magnetization of content of Bi/Cr. LMS and HMS represent the low-moment state
Lag 47Big.198C8 3dMN;1_, Cr,O; measured at 5 K, 130 K, and 150 and the high-moment state, respectively. Arrow in the figure marks
K, respectively. Results represented by black circles were obtainethe kink that leads to a VF saturation. Solid and dashed lines are
by cooling the sample in the presence of a field of 5 T. The lowerguides for the eye.
left inset displays the Cr-content dependence of the critical field for
the onset H¢,) and the end K ;) of the CO collapse. The lower curve is a sign of strong correlations between FM domains.
right inset are calculated results demonstrating the melting of the'he average VFr slope is~7000/Cr fory=0.009, which
charge-ordered phase under magnetic fikld, andM, denote the  means that each Cr drives100 neighboring cells into the
saturation magnetization before and after the CO collapse. HM$\ state. However, it appears that the efficiency of Cr de-
and L_MS reprgse_nt the high_-moment and low-moment states, resreases when the FM fraction is high, and the WBtope
spectively. Solid lines are guides for the eye. reduces to~1500/Cr after an obvious kink ay=0.009
(where VF=88%). This is a value similar te- 1600/Cr ob-
sults atT=5 K correspond to the HMS, while those &t served in the Cr-doped NygCa sMnO; by Kimura et al*°
=150 K to the LMS. The saturation temperature of the LMSFor the LMS, the FM VF is only calculated for<0.009
is set to 130 K fory=0.009 taking into account the decreasebecause of the ambiguousness of the stepwise behavior in the
of Tc(L) (vide infra). As expected, the magnetization in- specimeny=0.014. It should vary along the thin line fgr
creases wittH rapidly, and the first saturation is obtained at >0.009 by a smooth extrapolation of the Igwalues and a
H~0.5 T. Further increase in magnetic field produces minoicomparison with the results under magnetic fieldee the
effects until a critical fieldH;, at which a significant mag- contexj. A simple calculation gives the average YFslope
netization enhancement appears: the CE-type AFM phase & ~5700/Cr for the LMS 60 unit cells are affected by
unstable under magnetic field, and converts into the FMeach Cr ion. It is obvious that the efficiency of Cr to melt
phase. The second saturation is reached at a higher fiethe CO phase is significantly different for the HMS and
(H.) depending on sample, typically5 T. Without Cr  LMS.
doping, a full alignment of the core spins of the Mn ions  One of the most striking observations of the present work
requires much higher fields<(6 T). To obtain the magnetic is the stepwise melting of the CO phase with the incorpora-
saturation, in this case we cooled the sample under a magion of Cr. The volume fraction of the FM phase grows rap-
netic field of 5 T, which causes an overcooling of the FMidly with the increase of the content of Cr unii=0.009
order. The lower left inset of Fig. 7 demonstrates the varia{VF~88%). After that, the efficiency of the Cr doping
tion of H,; andH., vsy. The H., value corresponding to weakens significantly. Similar behavior is also observed in
y=0 is obtained by a simple extrapolation of the results inthe case of Bi dopingdashed lines in Fig.)8 This could be

the upper left panel. a common feature of the phase-separated system suffering
The FM volume fraction in the compound can be calcu-from phase fluctuation as discussed later.
lated via VF=Mg, /Mg, whereMg; andM, are the satura- Different from Cr doping, the incorporation of Fe de-

tion magnetizations before and after the CO collafsg. 7). presses the FM order, which can be observed from either
Results thus obtained are presented in Fig. 8. Without Cthe ESR or the magnetic measurements. Figure 9 exem-
doping, the dominant phase is the charge-ordered phase, aplifies a gradual decrease of the saturation magneti-
the FM phase occupies only27% and~16% of the total zation @ 5 K (Ms2) with the content of Fe in
for the HMS and the LMS, respectively. VF increases mono-La, 5.Big 1:Ca 33Mn; _,Fe,05. The dashed line is a calcula-
tonically with the increase of the content of Cr, revealing ation assuming an AFM coupling between Fe and host Mn.
partial melting of the CO phase. The curvature of YHe-y =~ Obviously, Fe does not influence the magnetic order except

144414-5
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Fe content Z FIG. 10. Thermal magnetization of

. . Lag 478ig.10L 3 3Mn; - Cr,O; measured under a field of 0.2 T.
MFIG' 9.trl:/lagnetlﬁ moment oi the Mn |0n?_ befOMtgl) r:md afterf Stepwise behavior fades away gradually with the incorporation of
(M) © change ° magnetic structure O Cr. The inset is a plot of (L) andT.(H) against the content of Cr.

Lag 5,Big 1:Ca& 3dMn, _,Fe,05. Dashed line is a theoretical predic- Dashed lines denote the assuriedL).
tion of the saturation magnetization assuming an AFM coupling

between Fe and host Mn. Inset is a plot showing the FM volume . | h | dicted by latti ff
fraction in the compounds. Solid lines are guides for the eye. approximately the value predicte y lattice eflects
(~190 K), and the~5 K lower of the former could be a

result of the presence of Cr ions, which, in addition to melt-
ing the CO phase, depress the magnetic coupling in the FM
. : o . phase’! Therefore, the discontinuous variation (L) may
.(|r]1|set to Flt% 9,|:I|:1/Id|c:i;ung ift‘ft th;]it large numtb%r of Fe will indicate a sudden return to the conventional lattice effects at
influence the order of the pnase-separated COmpOoUNgs . jiiqq| doping level. In contras®(H) increases slowly

strongly. The remaining phases can be either charge order%q]d smoothly withy, and a simple estimate gives the average
AFM or PM phase. An estimate of their respective VOIumetemperature changie 0f12 K per 1% Cr

for diluting the Mn ions forz=<0.02. However, the magnetic
fraction drops suddenly from-90% to ~50% atz=0.03

fraction is unable based on the present data. When Fe is introduced into kaBi 1Ca sMnO;, We
observed a decrease Bf(L) of ~23 K per 1% FgFig. 11
E. Variation of T with Cr or Fe doping for z=0.02. This is a rate similar to that observed in the

Fe-doped Lg;Ca qMnO; (~22 K per 1% F&23 which in-
dicates that the FM phase behaves as an ordinary FM phase
in spite of the presence of other phases. Whegxceeds

It is generally believed that the two magnetic transitions
at T(L) andT,(H) are different in nature. The former in-
herits all the characters of an ordinary PM-FM transition,
while the latter is a result of the percolation of magnetic

phase in the CO background.t would be interesting to 2.1 001 T ' =R
examine the behavior df (L) andT(H) under the Cr and — 18] 240 3 )
Fe doping. Figure 10 presents the thermal magnetization of £ fzs

Lag 47Big 10 3dMNn; -, Cr,O5. A direct consequence of the } 1.5 120 .
incorporation of Cr is the depression of the two-step magne- = &0

tization: the stepwise behavior is clear fpr<0.006, weak 15 121 0bo " 0bs 0de  0.09)
but identifiable fory=0.009, and completely invisible for ™ 0.9 Fe content
y=0.014. This behavior is relevant to the variation of phase %

constituent, but the apparent reason is the variation @f) =1 064 T
andT,(H). The inset in Fig. 10 illustrates the effects of Cr S g3l i
doping on the two Curie temperatures. It shows a linear de- =

crease ofT (L) at a rate of~7 K per 1% Cr fory<0.006. 0.01 ]
This could be an ordinary doping effect noting a fact that the 0 50 100 150 200 250 300

modest change of . is ~8 K for Lay Ca, sMnO3; when 1%
Mn is replaced by Ct It is a consequence of the impedi-
ment of the double exchange process by Cr, and the effects Fig. 11, Temperature-dependent ~ magnetization  of
associated with the reduction of the CO fraction are not obt g, . Bi, ,.Ca, 33Mn; _ ,Fe,0; measured under a field of 0.2 T. The
vious at this stage. Wheg exceeds 0.006, however, an inset displays the Curie temperature as a function of the content of
abrupt drop ofT(L) from ~220 K to ~185 K takes place. Fe: black symbols for LgsBig 1:Ca 3gMn; - ,F6,05 and white sym-

It is interesting to note thaf (L)~ 185 K for y=0.009 is  bols for La, /Ca, Mn;_,FgOs.

Temperature (K)
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0.02, however,T(L) drops rapidly (-85 K per 1% Fg the AFM and PM phases. One of the most striking results of
This is in sharp contrast to kaCa, ;MnO3, for which the the present work is the absence of the PM phase below 160
Curie temperature decreases smoothly with the content of . According to Fig. 8, the FM fraction increases from
until z=0.1, and there is no discontinuous change. This ef~16.4% to~26.6% for the sampl&=0.193 when the sys-
fect can be ascribed to the coexisted CO phase, which déem transits from the LMS to the HMS, which implies that
presses the FM order when the instable balance between thiege PM component, if exists, could bel10% of the total

FM and AFM phases is disturbed by the incorporation of Febased on a rough estimate. Considering the enhancement of
Fe also affects the second magnetic transition. Fascinatingl{he PM resonance at low temperatures, the PM phase should
T.(H) exhibits an enhancement with Fe doping #5¢0.01  be visible for the ESR technique. With this in mind, the
and 0.02, which indicates that this is not a simple PM-FMdisappearance of the PM signal in the low-temperature re-
transition considering a fact that the presence of Fe disfavorgion indicates that the magnetic jump in our samples may
the FM order. not be a simple PM-FM transition.

We further studied the neutron-diffraction spectra care-
fully, and found a smooth increase of the integrated intensity
of the (1/2,0,1/2 peak(it corresponds to the contribution of

(i) Stepwise magnetic behavior is only reported in Nd- orthe AFM phasgwith cooling (inset in Fig. §. The absence
Pr-doped manganites before. Observation of this behavior inf any anomalies around((H) indicates that the low-
the Bi-doped compounds reveals the generality of this kindemperature transition may not be a CO AFM-FM transition
of phase separation. Based on the present study, we expect éiher.
appearance when appropriate amount of La in We also studied the structure of {& ,Bi,Ca 33MNnO;

La; ,CaMnO; (x=0.33-0.4) are replaced by atomthat (x=0.167) as a function of temperature. A sudden change of
shows a tendency to CO, which can be measured by, fathe lattice parameters frorm=5.456 A, b=5.450 A, and
example, theT oo of Ay sCa sMNnO;, and the threshold dop- c¢/\2=5.436 A to a=5.466 A, b=5.451 A, and c/\2
ing level (x.) depends on A. It seems that the stronger the=5.422 A is observed when the sample is cooled through
tendency is, the smaller the threshold doping will be. ForT (L)=220 K (not shown. a andb increase whereas de-
instance,T¢o is ~240 K, ~250 K and ~315 K, respec- creases, which is a typical feature of the systems undergoing
tively, for Ndy,Ca;,MnO3,  Pr,,Ca,MnO;,  and  a CO transitiort® The relative change afis ~0.3% around
Biy,Cay,;MnO;, and the corresponding, is ~0.252" ~0.2  T4(L), and the difference betweenandc is ~0.8%. Con-
(Ref. 14 and~0.14. sidering the coexistence of the FM and CO phases below

(i) Our results without Cr/Fe doping are compatible with T (L) in this compound and a fact that the structure variation
those obtained by Ueharatal!® and Kim etal?” for  of the former is negligibly small, the actual lattice change of
Lag g25- xPrCay 379MIN0O5 in that phase separation takes placethe CO phase may be even large. In fact, we have found a
after a threshold doping, and it leads to two subsequenteduction of~0.9% ofc in BigCa, sMnO; around the CO
magnetic transitions at two Curie temperatures insensitemperaturgnot shown. It is easy to image that if an FM
tive to the content of the dopants. In another systendomain and a CO domain or two CO domains with different
Pro.esCa 35- xS,MNO3, however, Niebieskikwiat and co- orientations appear in the same grain, considerable strains
authors reported a slight but visible decrease of the Curigvould occur near the FM-CO or the CO-CO interface, result-
temperature with lattice distortion even when the phase sepdag in a behavior deviating from that of the bulk. The appear-
ration occurred? It is worth noting that a different parameter ance of the martensitic accommodation strain in the CO
(Ts) was used in their work, which is defined as the inflec-phase reveals the importance of the elastic energy associated
tion point of the InM)-T curve, and may correspond to the with the strains” In fact, a lattice mismatch of 0.5-0.7%
onset of short-range FM order. In fact, a sign of local FMmay be enough to modify the behavior of the interfacial
correlation is also shown in our sampkes 0.167 and 0.193, phase. It is found that the CO phase of thg L&, sMnO4
exhibited as a cusp in the low-field side of the PM signal infilm on (100)-LaAlQ; (thickness 1100 A for which the
the ESR spectra at 250 K. This agrees with fhgt-250 K film-substrate lattice mismatch is0.7%, is much more un-
observed by Niebieskikwiatt al. in Pry ¢£Cay 25515 {MNO;. stable compared with the bulk material: its melting field re-

The nature of the low-temperature transition is an issue imuces from 20 T to 5 73" Meanwhile, the satellite peaks
debating. It has been naturally ascribed to a CO-FM transieorresponding to the CO structure become weak and diffu-
tion since the discovery of the presence of the CO phase. Theve, and no lattice images with the CO modulation can be
first suspicion about this explanation comes from Kiryukhinobtained. All these can be attributed to the effects of strains,
et al'® after the failure to detect the variation of the CO phasewhich prevents the full development of the lattice distortions
acrossT(H) by synchron x-ray diffraction. Though the accompanying the CO transition. Actually, there is a report
work of Niebieskikwiatet al. on Pg¢Ca 35 ,SLMNnO; is  that the underlying substrate can fix the lattice of the film,
rather comprehensive, the main techniques utilized there atbus depress the CO transitidhOn analogy, the CO in
magnetic and resistive measurements, for which it is somestrained regions of the phase-separated compound may be
what difficult to distinguish the CO-FM transition from the imperfect, and possibly only charge-ordered fragments are
PM-FM transition. We hope the neutron diffraction and ESRformed, which could be the reason for that the neutron or
techniques can provide us further information on the processynchron x-ray diffraction failed to capture them effectively.
of phase separation considering their respective sensitivity téVith the decrease of temperature, the short range CO phase

IV. DISCUSSIONS
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becomes unstable, and transits into the FM phase, while du Magnetic field (T)
to the distribution of structure relaxation the magnetic tran-

. . . . . L 2 3 4 5 6 7 8
sition is diffusive and of percolation origin in nature. The 100

interfacial phase is nodoubt an important factor affecting the y=0.009
magnetic behavior of the manganites. Recently, Mahendirar ]
etal. studied the effects of thermal history in 80
Pry Ca gMng 05:Cro 0103, and found that the magnetization __ 70
decreased by-35% after repeated thermal cycling, while g\‘: 60
the electron diffraction and the x-ray diffraction indicate no L 1
obvious change in the CO structufeThe authors have as- 50'_
cribed these observations to the change of the magnetic ordeE 401
in interfacial regions. 30
According to Prellieret al, significant lattice relaxation :
exists even when the thickness of the #ra MnO; film 20'_
exceeds 1000 A° This may be a special case. However, in 10 . : : .
any case a structure relaxation within 200—400 A is expectec 0.000  0.004  0.008 0.012 0016
for the manganite film&® Though the lattice mismatch be- Cr content
tween different phases in our samples could be somewha Magnetic field (T)
smaller, the presence of a strained layer with considerable 5 3 4 5 5
thickness is possible. To obtain thel10% magnetization 100 —_— . .
increase af ((H) observed in sample=0.193, the width of
the interfacial layer outside the CO core is estimated to be !
~120 A if the average size of the CO domains-i8000 A. 801
This seems to be reasonable. Unfortunately, an outside laye 704
much thicker than 200-400 A must be assumed to explairye 60
the large magnetization increase in other samples if the sam =~ 1
domain size is used. For example, to accommodate the laye > :
thickness to 200—400 A, a domain size-el000 A should = 407
be postulated for Lgs7 BiyCa3MNO; (x=0.167), in L 30
which the magnetization increment Bi(H) is ~60%. It is 20
obviously smaller than the observed2000-5000 A in a 10.]
similar compound Lgg,s (Pr,Cay 37Mn0O; (x=0.375) 18 —
Though we may argue that cases inyka Bi,Ca, 3qMnO; 0.000 0.004 0.008 0.012 0.016
could be somewhat different from }.gos ,Pr,Ca 379VINO; Cr content
due to the different properties of Bi and Pr, different sinter-
ing conditions and different contents of anionic or cationic  F|G. 12. A comparison of the effects of magnetic field and Cr
vacancies of the two series, which may influence grain sizegoping. Solid lines are isothermal magnetization curves after proper
then possibly domain size of the coexisted phaSes®as  zero-point shifts along the horizontal axis. Black circles are results
been reported that the replacement of Cr for Mn can smastiue to Cr doping.
the CO domains in Lgg,{Ca ¢7MN05),*! a final explana-
tion for the nature of the low-temperature transition based on In Fig. 8, the VF of the FM phase as a function of the
the present data is difficult, and we would like to leave it tocontent of Bi in Lg g; «Bi,Ca3qMNO; is also presented.
more detailed studies. The similarity of the VFk) and VF() curves, even the
(iii ) Noting a fact that-1.7% Cr ions are required to melt detailed features, manifests the exactly opposite effects of
the CO phase in the present samfiteoccupies~74% of the Bi doping and the Cr doping. Compared to Bi, however,
the total phasesthen~2% Cr may be needed if the sample Cr doping is much more effective, and a simple estimate
is composed of a single CO phase. In contrast, to destroy thiedicates that 1% increase in Cr is equivalent-al.6%
CO in Nd, Ca sMnO;, ~0.06 Cr are enougff Therefore, ~decrease in Bi. This observation is consistent with the reports
Cr doping is much more effective for the multiphase coex-that the effect of th&-site doping is much stronger than that
isted compounds. In addition, Cr/Fe affects the CO/FMof the A-site doping. Meanwhile, the deviation af. from
phase in a manner as if the another phase is not present whiattice effects, due to phase separation, can also be amended
the doping level is low, and only the conventional Mn-siteby Cr doping except for a small extra decrease Tof
doping effects are produced in this case. When the content ¢f~5 K). Therefore, effects of Bi doping can be counteracted
dopants is so large that the introduction of these dopantsy Cr doping effectively.
influences the FM-CO competition significantly, a deviation  Similar to Cr doping, an applied field promotes the devel-
from the conventional doping effects appears. The sharp droppment of the FM phase, at the expense of the charge-
of T(L) from ~220 K to ~185 K in the case of Cr doping ordered phase. Shifting thd-H curves of different Cr con-
and from~200 K to ~120 K for Fe doping are reflections tent in Fig. 7 along thed axis, as shown in Fig. 12, the
of this process. lifting part of the curves joins each other, forming a smooth

90 -

-0
¥ HMS

LMS
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curve that shows the melting process of the charge-orderegktization with magnetic field is a sign of a broad distribu-
phase under magnetic field. It is interesting that all the magtion of A, which is clear from the widél.,-H., expansion
netization corresponding to different Cr doping also collapséleft inset to Fig. 7. By analogy, the apparent kink in théF
into this curve, manifesting the equivalence of Cr doping to(y) curve may correspond ta(y)=0, while the following
magnetic field and the universality of the process of the CQong tail from ~0.009 to~0.017 for the HMS might be a
to FM conversion. A simple estimate gives that 1% Cr isresult of random-phase fluctuation that opposes a homoge-
equivalent to~4.5 T for the LMS and 6 T for the HMS. neous magnetic state.

Denote the energy difference between the CO and FM states

by A (per Mn ion, and considering a fact that an applied V. SUMMARY

field depresses this energy by0.213uoH (vide infra), it is
easy to derive that 1% Cr reducAsby ~0.96 meV.

(iv) The two-step melting of the CO phase with the incor-
poration of Cr may be universal feature of the complex
phase-separated system. The small energy difference b
tween the CO and FM states ind@_,Bi,Ca 3dMnO; is the

reason for the smultaneous occurrence of the two competin o subsequent magnetic transitions-a20 K and—230 K
phases for that, in this casa, can be overcome by the en- are resulted. A strong coupling between the coexisted phases
ergy gained from the random-phase fluctuation. The free en- ' 9 piing P

erav of a phase-separated svstem can be simplifiéd as =~ 'S assumed, which is responsible for the insensitivity of
9y P P 4 P T.(L), the higher Curie temperature, to Bi doping after the

Effects of Bi, Cr, and Fe doping on phase separation of
Lay s Cay3MnO; have been experimentally studied. As
proved by the electron-spin resonance and neutron-
gi_ffraction studies, partial replacement of La by Bi causes the
Simultaneous occurrence of ferromagnefd) phase and
@Nharge—ordered antiferromagnetic phase. As a consequence,

F(X,H)=(A—0.213ugH) X — 7 XY2— pap(1—X) 12 appearance of_phase separati_on, and cc_)nsistent with the dis-
, continuous variation of (L) with Cr doping. As expected,
+9(0.5-|1-X)%", (1) the substitution of Cr for Mn in this case promotes the FM

where X is the volume fraction of the FM phase order, but its effects are significantly different for the two

—0.213u0H is the average Zeeman energy per Mn ion Withmagnetic states. Each Cr drived.00 neighboring unit cells,

a moment of 3.6%g, 7 and 7, are parameters character- for the high-moment state, and60 unit cells, for the low-

g e prse Wusion 0 v ey, e o oo e o s o
and CO AFM states. Effects of domain wall are considere ‘
- - : M fraction increases rapidly in the initial stage of Cr dop-
in the last term_A can be de_pre_ssed by doping Cr into Mn ing, then slowly when th% FyM population exgeedQO% P
fSIte or by aEpIylng ahmagnitlc field, and the COAphasebtran -hi's could be a common feature of the phase-separatéd Sys-
orms into the FM phase whekh—0.213ugH=<0. A may be . . .
small in the present compounds considering a fa_ct that a fielﬁ ;nors(:tggl'n;:]nglggsragggglyp22;%;:?32?28; %%C%ﬁj;rslg fog_
OT ~5 T can depress the CO completely. The nght nset Ostituent are produced by Cr doping and Bi doping, and 1%
Fig. 7 shows the calculated FM VF based on 8g.with the - P y & doping pIng, ant
parameterd =1 meV, 7. =0.96 meV —0.6 meV. and Cr are equivalent te-4.6% Bi. In contrast, both Cr doping
0.2 meV. The FM'grfase.become:sngt;ble.wheiﬂ over.  and magnetic field promote the FM order. 1% Cr correspond
Zomé by Ze.eman energy, resulting in a steep jumpy Bt to a field of~4.5 T for the low-moment state and 6 T for the
The upper kink in the calculated curve for the increasingmgh'rr?ormemrgt?t% rendducl:znl"\n/? t?et en):rg;gglfr;er\e;?,\c;len bent\éveen
field branch appears & =A/0.213u,. Its resemblance to € charge-ordered a states by. € a

the round corner &l , in the measured curve is evident. Itis 1.3 meV/Mn, respectively.
interesting to note that a full FM alignment is not reached
even whenA —0.213x,H <0, which is obviously a conse-
quence of phase fluctuation. For the present compound, it is This work was supported by the Key Project for Elemen-
obvious that the CO—~ FM conversion begins ai.; and tary Research of China and the National Nature Science
ends aH,. The observed slow and gradual increase of magFoundation of China.
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